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ABSTRACT
We propose and analyze a multifunctional THz device which can operate as a tunable switch and
a filter. The device consists of a circular graphene nanodisk coupled to two nanoribbons oriented
at 90◦ to each other. The graphene elements are placed on a dielectric substrate. The nanodisk
is magnetized by a DC magnetic field normal to its plane. The physical principle of the device
is based on the propagation of surface plasmon-polariton waves in the graphene nanoribbons and
excitation of dipole modes in the nanodisk. Numerical simulations show that 0.61T DC magnetic
field provides transmission (regime ON) at the frequency 5.33 THz with the bandwidth 12.7% and
filtering with the Q-factor equals to 7.8. At the central frequency, the insertion loss is around -2 dB
and the reflection coefficient is -43 dB. The regime OFF can be achieved by means of switching
DC magnetic field to zero value or by switching chemical potential of the nanodisk to zero with the
ON/OFF ratio better than 20 dB. A small central frequency tuning by chemical potential is possible
with a fixed DC magnetic field.
Keywords THz, switch, graphene, surface plasmon-polariton, resonant effect.
1 Introduction
After discovery of graphene in 2004 [1], many new photonic and electronic components and, in particular, multifunc-
tional devices based on graphene have been suggested [2, 3, 4]. Switch is one of the key elements of modern digital
technology used in majority of the circuits. Depending on its state (ON/OFF), the switch can turn on or block some
function of the circuit.
Today, there exist many types of switches based on different physical effects. The physical principles used in switches
depend on the frequency region and the power of electromagnetic waves. For example, in high power microwave
systems, mechanical switches [5] are used. For low power systems, especially in microstrip technology, semiconductor
switches are common circuit elements [6]. Electro-optical, acusto-optical, magneto-optical and nonlinear effects are
used for switching and amplitude modulation [7, 8, 9] in microwaves and optics. In particular, electro-optical Mach-
∗Use footnote for providing further information about author (webpage, alternative address)—not for acknowledging funding
agencies.
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Zehnder interferometer is a typical elements in optical circuits [10]. In photonic crystal technology, several types of
switches were also suggested [11].
In THz region, several solutions for switch technology are already being suggested, among them structures based
on metals and dielectrics, graphene and photonic crystals [12, 13, 14, 15, 16, 17]. One can also find in the litera-
ture examples of switches based on magnetized graphene [18, 19]. Under the action of external DC magnetic field
graphene acquires new properties which can be explored for control and non-reciprocal devices. Different types of
filters including graphene based tunable ones have been suggested in literature as well, see for example [20, 21].
In this paper, we suggest a new type of graphene-based component which can operate as a tunable switch and a
bandpass filter. The switching mechanism can be provided by means of DC magnetic or electric field. The theoretical
results are validated by full wave simulations using the commercial software Multiphysics version 5.2a [22].
2 Switch Description
Graphene nanoribbon with a waveguide-like propagating surface plasmon-polariton (SPP) mode we shall call further
as graphene waveguide and the nanodisk as graphene resonator. The main part of the suggested device is a circular
graphene resonator with the radius R which is coupled to two graphene waveguides with the widths w and length L,
see Fig. 1. The waveguides are oriented to each other at the angle 90◦. There is small gap g between the waveguides
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Figure 1: Schematic representation of graphene device: (a) top view without magnetization, σ is plane of symmetry;
(b) top view with magnetization, Tσ; (c) side view, B0 is biasing DC magnetic field.
and the resonator. The graphene elements are placed on a substrate with a spacer defined by the thicknesses h1 and h2
and dielectric constants ε1 and ε2 respectively.
From the point of view of magnetic biasing, the graphene disk can be in two sates, namely, without magnetization or
it can be magnetized by a DC magnetic field B0 which is oriented normally to the graphene plane. From the point of
view of chemical potential, the graphene disk can also be in two state, i.e. with biasing by electric field or without
biasing. For small shifting of the central frequency of the device, the biasing electric field can be controlled smoothly.
Symmetry of the device in nonmagnetized state is described by a geometrical plane of symmetry σ (see Fig. 1). With
magnetization, it is described by the antiplane T σ where T is the time reversal operator [23]. The operator T appears
due to the presence of the magnetic field B0. Note that we use the so-called restricted time inversion operator, which
preserves the passive or active nature of the medium.
3 Optical Conductivity Tensor
Surface conductivity σs = (ω, µc(E0),Γ, ωB) describes interaction of graphene and electromagnetic radiation. It
depends on frequency ω, chemical potential µc which is a function of biasing by electric field E0, and also on phe-
nomenological scattering rate, defined as Γ = 1/τ , (τ relaxation time of graphene). In the magnetized state, σs
depends also on the cyclotron frequency ωB = eB0v
2
F /µc, where e is the electron charge, vF is the Fermi velocity,
B0 is DC magnetic field.
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With applied field B0, the moving charge carriers of graphene are controlled by Lorentz force. As a result, the 2D
tensor of conductivity acquires anti-symmetric nondiagonal components [24]:
[σs] =
[
σxx −σxy
σxy σxx
]
. (1)
It is known that the interband transitions in the THz frequency region can be neglected. In this case, one can use the
classical Drude form of the tensor components [25]:
σxx =
2D
pi
1/τ − iω
ω2B − (ω + i/τ)2
, (2)
σxy = −2D
pi
ωc
ω2B − (ω + i/τ)2
, (3)
where D = 2σ0µc/~ is the Drude weight, σ0 = e
2/(4~) is the universal conductivity, µc is chemical potential of
graphene, ~ is the reduced Planck’s constant, e is the electron charge, ω is the angular frequency of the incident wave,
B0 is the DC magnetic field, i =
√−1 and τ = 0.9 ps is the relaxation time. The relaxation time is defined by
τ = µµc/(ev
2
F ) where µ is electron mobility and vF ≈ 106 m/s [26] is Fermi velocity.
Both the diagonal and the nondiagonal components of the graphene conductivity tensor depend on field B0. The
chemical potential µc can be tuned by a bias voltage applied between the silicon substrate and the graphene with silica
as a spacer. Frequency dependences of the real and imaginary parts of the tensor components σxx and σxy are shown
in Fig. 2.
(b)
Figure 2: Real and imaginary parts of components (a) σxx and (b) σxy of the graphene conductivity tensor, µc = 0.15
eV, B0 = 0.61 T.
In numerical calculus of SPP, graphene can be modelled as a bulk material with the conductivity tensor defined by
[σv] = [σs]/∆ where [σs] is the surface conductivity tensor [27]. Its components are given by (2) and (3), and∆ = 1
nm is the thickness of the graphene. The artificial parameter∆ is used only for calculation purposes [28].
3
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For waveguides that are not magnetized, graphene possesses isotropic properties, so the conductivity model that we
will use for numerical calculations are obtained from the tensor above, puttingB0 = 0 T. Thus, σxy = σyx = 0 and σxx
= σyy 6= 0, so one has the following expresion:
σs =
2D
pi
iω − 1/τ
(ω + i/τ)2
, (4)
4 Graphene Resonator Analysis
In the following, we shall use the same chemical potential for the waveguides µcg and for the resonator µcr (µcg = µcr
= µc. In the waveguides and in the graphene resonator, TE-TM hybrid modes with all components of the electric and
magnetic fields exist [29]. It can be shown, that the TM mode is the dominant one in the resonator [30]. Therefore,
approximately, one can define the radius R of the resonator with dipole TM mode from the condition 2piR = λspp
where λspp is the wavelength of the TM SPP mode, therefore, R = λspp/2pi. The phase constant βspp can be
calculated by the dispersion relation for the TM SPP mode in an infinite graphene on a substrate [31]:
βspp =
(1 + ε1)(ω~)
2
2αµc~c
(
1− ga
2
B
ω2
)
, (5)
where α = e2/(4piε0~c) ≈ 0.007 is the fine-structure constant, ε1 is the dielectric constant of the substrate. From the
relations βspp = 2pi/λspp and R = λspp/2pi, one can find the radius of the resonator R = 1/βsp. Using βspp from
(5), one comes to
R ≈ 8.3× 1040 µc
(1 + ε1)(ω2c − ω2B)
, (6)
where ωc is the central frequency of frequency band of the device, ωc and ωB in THz, R in nm. One can see that the
radius of the resonatorR depends on the frequencies ωc and ωB , and also on µc and ε1.
The standing dipole mode in the nonmagnetized graphene resonator can be described as a sum of two counter-rotating
modes with equal frequencies. When the resonator is magnetized, splitting of frequencies of the counter-rotating
modes occurs [30]. In order to analyze frequency dependence of resonances of the clockwise and anticlockwise
rotating dipole modes on the magnetic field B0, we calculated the structure with two waveguides coupled to the
resonant cavity in Fig. 3a. In Fig. 3b, one can observe two peaks of the transmission coefficient and two dips of
reflection coefficient corresponding to the rotating modes with the frequencies ω+ and ω−. These calculus were
performed for the feeding scheme with two waveguides and the gap of g = 5 nm between the guides and the resonator.
The splitting of the modes ω+ and ω− increases with enlargement of B0.
5 Operational Principle of Device
To calculate the structure of the scattering matrix S for the ON/OFF states of the device with two ports, we can use
the commutation relation for the antiunitary element Tσ, that is, RσS = STRσ [23], where T indicates transposition
and Rσ is the 2D representation of the operator σ. As a result, the matrix for the device can be written as follows:
S =
(
S11 S12
S21 S11
)
; (7)
where S22 = S11 due to symmetry. For the ideally matched two-port, one has S22 = S11 = 0 and in the lossless case
one comes to
SOFF =
(
1 0
0 1
)
; (8)
for the OFF state, and
SON =
(
0 1
e iϕ 0
)
. (9)
for the ON state. Notice that in the lossless matched case the four-port can have only phase nonreciprocity and matrix
(9) describes the gyrator of Tellegen [32].
In our theoretical model, we take into account only two lowest rotating dipole modes and the higher resonant modes
are neglected. Without DC magnetic fieldB0, the standing electromagnetic wave in the resonator is defined by the sum
of the degenerate clockwise ω+ and anticlockwise ω− rotating modes. The corresponding standing dipole mode does
4
A PREPRINT - AUGUST 6, 2020
Port 1
Port 2
(b)
Figure 3: (a) Frequencies of rotating modes versus DC magnetic field, R = 600 nm, g = 5 nm, w = 200 nm and µc =
0.15 eV; (b) Frequency responses of resonator showing resonances of rotating modes, B0 = 0.61 T.
not excite the output port because it has the nodal plane in the center of the output waveguide and the eigenwave of
this waveguide is symmetrical with respect to the plane of symmetry of the waveguide. Therefore, the input power is
reflected back, Fig. 4a. This coresponds to regime OFF of the device. Thus, the dipole mode with the 90◦ orientation
of the output port allows one to provide “a natural” OFF state without graphene magnetization.
B =0.61 T0B = 0 T0
f = 5.33 THz0f = 5.33 THz0
c
B = -0.61 T0
f = 5.33 THz0
46.78°
44.70°
Figure 4: |Ez | field distribution in device, (a) nonmagnetized (regime OFF). Magnetized (regime ON): (b) and (c)
transmission (1→2),B0 = ± 0.61 T, µc = 0.15 eV, f0 = 5.33 THz.
For the magnetized resonator, the degeneracy of the clockwise ω+ and anticlockwise ω− rotating dipole modes is
removed. In this case, the sum of these modes at a frequency ωc ≈ (ω+ + ω−)/2 produces also a standing wave but
this dipole is oriented at the angle φ with respect to the input port. By choosing the parameters of the resonator, one
can achieve φ = ± 45◦ so that in port 1 and port 2 the fields will have equal amplitudes. If the impedances of the
waveguides and the resonator are matched, there will be a complete transmission from the input port to the output port
(i.e. regime ON) as shown in Fig. 4b,c.
5
A PREPRINT - AUGUST 6, 2020
6 Parametric analysis
The characteristics of the our device depend on several principal parameters, such as diameter of the resonator,
resonator-waveguide coupling, biasing DC magnetic field, chemical potential. The main results of our analysis con-
cerning the influence of different parameters of the structure on its characteristics are summarized below.
6.1 Radius of Resonator
The radius R of the graphene resonator calculated by (6) and obtained from Comsol simulations are in a good agree-
ment (see Fig. 5). To analyze its influence on the performance of the switch, we varied R between 350 and 600 nm,
keeping the parametersw = 300 nm, g = 5 nm and µc = 0.15 eV fixed. The switch frequency responses for differentR
and optimal magnetic field are plotted in Fig.6. The reflection levels are better than -20 dB and the insertion losses are
about −(2 ÷ 3)dB. One can see in Fig. 7 that with increase of the radius R, the DC magnetic field decreases almost
linearly.
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Figure 5: Central frequency of device versus radius R, g = 5 nm, w = 300 nm, µc = 0.15 eV and B0 = 0.61 T.
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Figure 6: Frequency response of the device with different R, g = 5 nm, w = 300 nm, µc = 0.15 eV .
6.2 Waveguide Width
The width of the waveguidesw defines the strength of coupling of the resonator and waveguides. The device frequency
responses for the 200, 300 and 400 nm widths, keeping all other parameters fixed with the values R = 600 nm, g =
5 nm and µc = 0.15 eV, are shown in Fig. 8. The resonance frequency with increase of the width of the graphene
6
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Figure 7: Optimal magnetic field of device versus radiusR, g = 5 nm, w = 300 nm, µc = 0.15 eV.
waveguides shifts slightly to smaller values. In Fig. 9 and in Fig. 10 we see the variation of the resonant frequency
and the optimized magnetic field with the width. For the 400 nm width, one can observe better characteristics but at
the expense of higher magnetic field (see Fig. 8).
4.8 5.0 5.2 5.4 5.6 5.8
-60
-50
-40
-30
-20
-10
0
S21
 w = 300 nm
          B0 = 0.61 T
  w = 200 nm
           B0 = 0.42 T
 w = 400 nm
          B0 = 0.71 T
 
 
S 1
1 &
 S
21
 (d
B)
Frequency (THz)
S11
Figure 8: Frequency response of the device with g = 5 nm, µc = 0.15 eV, R = 600 nm for different w.
6.3 Waveguide-Resonator Gap
The gap g also defines coupling of the resonator and waveguides. In our analysis, the gap was varied from 2.5 nm to
10 nm with the fixed R = 600 nm, w = 300 nm and µc = 0.15 eV. From Fig. 11 and Fig. 12 one can see that the gap
has influence on the frequency and DC magnetic field. The frequency responses of the device along with the optimal
magnetic fields are shown in Fig. 13.
6.4 Chemical Potential
Varying the chemical potential of graphene produced by an external electric field changes the density of the charge
carriers of the material. In this way, it is possible to dynamically control the resonant frequency of the device. Influence
of the chemical potential on the resonance frequencies for the structure with R = 600 nm, g = 5 nm, w = 300 nm can
be analyzed in Fig. 14. Increase of the optimal magnetic field with increasing the chemical potential in Fig. 15 can be
explained by the relation for the cyclotron frequency ωB = eB0v
2
F /µc.
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Figure 9: Central frequency of device for different widths w, g = 5 nm, R = 600 nm, µc = 0.15 eV.
200 250 300 350 400
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
f0 = 5.25 THz
f0 = 5.32 THz  
 
B 0
 (T
)
width (nm)
f0 = 5.38 THz
Figure 10: Optimal magnetic field of device versus w, R = 600 nm, g = 5 nm, µc = 0.15 eV.
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Figure 11: Central frequency of device for different values of gap g, w = 300 nm, R = 600 nm, µc = 0.15 eV.
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Figure 12: Optimal magnetic field of device for different values of gap g, w = 300 nm, R = 600 nm, µc = 0.15 eV.
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Figure 13: Frequency response of the device with w = 300 nm, µc = 0.15 eV for different g.
4 5 6 7 8
-50
-40
-30
-20
-10
0
c = 0.30 eV
B0 = 1.8 T 
c = 0.25 eV
B0 = 1.3 T 
c = 0.20 eV
B0 = 0.90 T 
c = 0.15 eV
B0 = 0.61 T 
c = 0.1 eV
B0 = 0.32 T 
S11S11
S11
S11
S21S21
S21S21S21
 
 
S 1
1 &
 S
21
 (d
B)
Frequency (THz)
S11
Figure 14: Frequency response of the device with g = 5 nm, R = 600 nm, w = 300 nm for different chemical potential.
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Figure 15: Optimal magnetic field B0 for device with g = 5 nm, R = 600 nm, w = 300 nm for different chemical
potential.
6.5 Effect of Sign Changing Field
Switching direction of the external DC magnetic field from +B0 to −B0 leads to transposition of the scattering
matrix, i.e. to a change in characteristics of the device. In order to evaluate this change, the frequency responses of
the device have been calculated for a certain direction of the external DC magnetic field +B0. If this field is switched
to the opposite one, that is +B0 → −B0, the rotation modes with ω+ and ω− are interchanged, Fig. 3a. Thus, the
standing dipole mode in the resonator for +B0 corresponds to the odd symmetry of the electric field with respect to
the geometrical plane of symmetry σ (Fig. 4b), but for −B0, this mode is defined by the even symmetry (Fig. 4c). It
means, that the wave passing through the device with −B0 will have a different phase shift in comparison with case
of +B0 (see (9)) and slightly different characteristics (see (7)).
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 S21 B0 = -0.61 T
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Frequency (THz)
Figure 16: Effect on the device frequency response due to change in orientation of B0 with µc = 0.15 eV, w = 300 nm,
g = 5 nm and R = 600 nm.
7 Switch Design
Below we present an example of the switch-filter project.
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7.1 Switching by DC magnetic Field
Fig. 17 shows the frequency response of the device with and without magnetization, i.e for the ON and OFF states.
We can see that the application of the DC magnetic field B0 = 0.61 T produces the rotation of the standing dipole by
45◦ causing the wave to follow from port 1 to port 2. For the ON state the reflection level at the central frequency
is around -40 dB and insertion loss is around -2 dB, with Q-factor ≈ 7.8 and the half power bandwidth HPBW =
12.7%. If the magnetic field is switched OFF, the dipole will return to its natural state and port 2 will be blocked. In
the OFF state, the reflection coefficient is about -7 dB (the relatively low value of the reflection means that a part of
the electromagnetic energy is absorbed in the resonator) and the insertion loss is around -33 dB. It the ON/OFF ratio
is better than 20 dB in the frequency band of the device.
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-20
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S21(OFF)
S21(ON)
S11(OFF)
S11(ON)
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Figure 17: Frequency response for the device in the ON and OFF states for ON (B0 = 0.61 T) and OFF (B0 = 0 T), g
= 5 nm, w = 300 nm and µc = 0.15 eV.
7.2 Switching by Chemical Potential
For graphene biasing by electric field, a special polisilicon layer parallel to graphene can be used as a gate electrode to
provide DC voltage between this electrode and graphene [33]. Fig. 18 shows |Ez | field distribution for the ON/OFF
states, considering fixed B0 = 0.61 T and the chemical potential of guide µcg = 0.15 eV, switching the chemical
potential in the resonator µcr from 0 eV to 0.15 eV. The frequency response for the device is shown in Fig. 19, where
the reflection coefficient is about -2 dB (it means that almost all energy is reflected) and the the insertion loss is higher
than -30 dB for the OFF state. For the ON state we have insertion losses around -2 dB with reflection level of -40 dB.
f  = 5.33 THz0 f  = 5.33 THz0
μcr = 0 eV μcr = 0.15 eV
Figure 18: |Ez| field for the device in the ON/OFF states; (a) OFF (B0 = 0.61 T, µcg = 0.15 eV and µcr = 0 eV); (b)
for ON (B0 = 0.61 T, µcg = µcr = 0.15 eV) and , g = 5 nm, w = 300 nm.
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Figure 19: Frequency response for the device in the ON/OFF states for ON (B0 = 0.61 T, µcg = µcr = 0.15 eV) and
OFF (B0 = 0.61 T, µcg = 0.15 eV and µcr = 0 eV), g = 5 nm, w = 300 nm.
7.3 Tuning by Chemical Potential
Fig. 20 shows influence of the chemical potential variation from 0.1 to 0.3 eV on the central frequency (f0), bandwidth
(BW) and insertion loss (IL) of the device. In our analysis, the external magnetic field B0 was optimized for each
chemical potential value. With increase of the chemical potential, the device operating frequency shifts from 4.5 THz
to 7.5 THz, the bandwidth is enlarged and the insertion loss is reduced. However, it is achieved at the expense of the
higher biasing magnetic field. We also analysed influence of the chemical potential variation from 0.13 eV to 0.17
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Figure 20: Influence of chemical potential on central frequency (circles), bandwidth (asterisk), insertion losses (x) and
optimal magnetic field B0 (triangle).
eV on the device parameters, maintaining the magnetic field B0 = 0.61 T fixed. The frequency tuning in this case is
possible from 5 THz to 5.7 THz (see Fig. 21) with a small degradation of the device bandwidth and the insertion loss.
Thus, with a fixed DC magnetic field, a fine tuning of the central frequency by chemical potential is possible.
8 Conclusion
In our work we propose and analyze a graphene-based device acting as a switch and filter. The ON state of the
device corresponds to the magnetized graphene. The OFF state can be achieved in two different ways. One of them
is switching the external magnetic field to zero, and the second way is switching the electric field (i.e. the chemical
potential) to zero. We demonstrated also a possibility of the dynamic adjustment of the device in a wide frequency
range. The suggested structure with high ON/OFF ratio, filtering properties and a high tunability and has a potential
12
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Figure 21: Influence of chemical potential on central frequency (square), bandwidth (circles) and insertion loss (star),
B0 = 0.61 T is fixed.
of application for THz and IR switches and modulators. The presented results can serve as guidelines for the design
of such devices.
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